The objectives were (1) to estimate the genetic parameters and breeding values of hoof lesions, (2) to estimate the phenotypic effect of each feet and legs conformation traits on hoof lesions, and (3) to estimate genetic correlations between hoof lesions with feet and legs conformation traits. The presence or absence of specific hoof lesions was recorded for each hoof. Lesions were classified into infectious (digital and interdigital dermatitis, foot rot, and heel erosion), horn (sole and toe ulcer, sole hemorrhage, and white line disease), and other lesions (interdigital hyperplasia, fissures, thin soles, and corkscrew claw). A total of 34,905 hoof health records from 27,179 cows and 365 herds, collected by 18 different hoof-trimmers in Ontario, Alberta, and British Columbia, were analyzed using linear animal models. In addition, 5 feet and leg conformation traits (foot angle, heel depth, bone quality, rear leg side view, and rear leg rear view) and locomotion from primiparous cows were considered (n = 11,419 and 6,966 cows, for conformation traits and locomotion, respectively). At least one lesion was found in nearly 40% of the hoof trimming records. The heritability estimates for hoof lesions ranged from 0.01 for front horn lesions to 0.09 for rear infectious lesions. Despite the low heritability estimates, we observed large variability in sire estimated breeding value (EBV) for resistance to hoof lesions. Positive genetic correlations were found between the occurrence of front and rear infectious lesions (0.77) and between front and rear horn lesions (0.61), but not between infectious and horn lesions (0.08). For most of the conformation traits, low scores were phenotypically associated with higher incidence of horn lesions, whereas we found no evidence of a phenotypic effect of feet and leg traits on infectious lesions. The heritability of the conformation traits ranged from 0.04 for rear leg rear view to 0.22 for bone quality, whereas that for locomotion was 0.03. The genetic correlations between hoof lesions and conformation traits were low to moderate, yet most of the estimates were associated with high standard errors. In conclusion, although hoof lesions are lowly heritable traits, sufficient genetic variation exists (as evidenced by large variability in sire EBV) for genetic improvement through direct selection in the long term. Standardization of hoof health data collection is encouraged.
INTRODUCTION
Maintaining hoof health is a challenge in modern dairy herds. Recent studies in North America and Europe have reported prevalences of 40 to 70% of the cows with at least one hoof lesion (Manske et al., 2002; Sogstad et al., 2005; Buch et al., 2011) . Hoof lesions compromise the welfare of animals (Whay et al., 2003) and can result in reduced milk yield (Warnick et al., 2001; Amory et al., 2008) , reduced fertility (Hernández et al., 2001; Meléndez et al., 2003) , and increased risk of premature culling (Rajala-Schultz and Gröhn, 1999; Booth et al., 2004) . Many factors affect the risk of hoof lesions, including environmental factors, such as the design of the facilities and management practices (Barker et al., 2009; Cook and Nordlund, 2009; Cramer et al., 2009) , and genetics (van der Waaij et al., 2005; van der Linde et al., 2010; Buch et al., 2011) . Therefore, the incidence of hoof lesions can be reduced by improved management practices and genetic selection.
Hoof lesions are heritable and, although estimated heritability estimates are low (ranging from 0.01 to 0.20; Koenig et al., 2005; van der Waaij et al., 2005; van der Linde et al., 2010) , long-term improvement of hoof health can be achieved by direct genetic selection 2597 for hoof lesion resistance. Several studies showed only low to moderate correlations between hoof lesions and feet and leg conformation traits (Onyiro et al., 2008; Laursen et al., 2009; van der Linde et al., 2010) . As a result, indirect genetic selection for hoof lesion resistance has not been very effective. However, genetic correlations differ depending on the definition of the conformation traits and the population studied. Most of the studies on genetic parameters for hoof lesions have been conducted in Europe (Laursen et al., 2009; van der Linde et al., 2010; Buch et al., 2011) . Thus, the potential of hoof lesion data for direct genetic selection for hoof health and of conformation data to predict and indirectly select for hoof health in North America has to be investigated.
Hoof lesions have traditionally been classified according to their etiology and pathogenesis (Greenough, 2007) into infectious or partly infectious lesions (e.g., digital and interdigital dermatitis, foot rot, and heel erosion), mostly related to environmental hygiene, and horn lesions (e.g., sole and toe ulcer, sole hemorrhage, and white line disease), mostly caused by metabolic or mechanical factors. Previous studies reported strong genetic correlations between specific lesions within each category (van der Waaij et al., 2005; van der Linde et al., 2010; Buch et al., 2011) but, to our best knowledge, genetic parameters for these 2 categories have not been estimated. Thus, the objectives of the current study were (1) to estimate the genetic parameters and breeding values of hoof infectious and horn lesions, (2) to estimate the phenotypic effect of each feet and legs conformation trait on hoof lesions, and (3) to estimate genetic correlations between hoof lesions with feet and legs conformation traits.
MATERIALS AND METHODS

Data Description
Hoof lesions were recorded by hoof trimmers from March 2004 to July 2005 in Ontario, from June 2009 to October 2011 in Alberta, and from October 2010 to October 2011 in British Columbia, Canada. Hoof trimmers visited farms according to the herd standard hooftrimming protocol. Commonly, cows were routinely hoof trimmed once or twice per lactation, or if clinical signs were detected at the time of the hoof trimmer's visit. However, the reason for hoof trimming was not recorded for logistic reasons (i.e., farmers would likely have to prepare 2 separate lists of cows for the hoof trimmer, and the hoof trimmer would have to make a distinction when entering the data). The data recorded in Ontario were part of an observational study (Cramer et al., 2008) , whereas the data recorded in Alberta and British Columbia were part of the ongoing Alberta Dairy Hoof Health Project (details on which can be found at www.hoofhealth.ca). In brief, 7 hoof trimmers in Alberta and 6 hoof trimmers in British Columbia were trained to use a rugged touch-screen computerized lesion recording system (Hoof Supervisor, Dresser, WI). This system facilitates the routine and consistent collection of hoof lesion data, based on lesion descriptions proposed by the International Lameness Committee, a global collaboration of researchers, veterinarians, academics, and hoof-trimming professionals.
As the majority of the cows (68%) were only hoof trimmed once during the same lactation, only the first hoof-trimming session was included in the analyses, similar to the methods of Buch et al. (2011) . Furthermore, a preliminary analysis showed similar results when genetic parameters were estimated using the last hoof-trimming session of the lactation. Records taken more than 500 d after calving were discarded. Four seasons of hoof trimming were defined: January to March, April to June, July to September, and October to December, and the variable herd-year-season was created. The herd-year-season categories with fewer than 5 hoof-trimming records were discarded. The final data set consisted of 34,905 hoof-trimming records from 27,179 cows from 365 herds, collected by 18 different hoof trimmers.
Hoof lesions were recorded as presence or absence of specific hoof lesions in each hoof: sole and toe ulcer, sole hemorrhage, white line disease (separation and abscesses), digital and interdigital dermatitis, foot rot, heel erosion, interdigital hyperplasia, fissures, thin soles, and corkscrew claw. For the analyses, lesions were classified according to their etiology and pathogenesis (Greenough, 2007) into (1) infectious or partly infectious lesions (digital and interdigital dermatitis, foot rot, and heel erosion), (2) horn lesions, caused by metabolic or mechanical factors (sole and toe ulcer, sole hemorrhage, and white line disease), and (3) other lesions (interdigital hyperplasia, fissures, thin soles, and corkscrew claw). This classification was chosen to (a) give the study a practical approach, because there is no intention, in the near future, to develop a genetic evaluation system for each individual lesion trait, (b) prevent the misclassification of diseases that have similar etiology and pathogenesis and that can be hard to distinguish in routinely collected data sets, and (c) avoid the analysis of traits that are highly correlated as if they were independent traits. Nine hoof lesion binary traits (0 = no lesion, 1 = at least 1 lesion) were created at the cow level: (a) having at least one lesion in any hoof, (b) having at least one lesion in a front hoof, (c) having at least one lesion in a rear hoof, (d) having at least one infectious lesion in any hoof, (e) having at least one horn lesion in any hoof, (f) having at least one infectious lesion in a front hoof, (g) having at least one infectious lesion in a rear hoof, h) having at least one horn lesion in a front hoof, and (i) having at least one horn lesion in a rear hoof. Conformation data on feet and legs were obtained from the Canadian Dairy Network (Guelph, ON). Conformation traits were routinely recorded by professional classifiers from Holstein Canada (Brantford, ON). Five conformation traits were considered: foot angle, heel depth, bone quality, rear leg side view, and rear leg rear view. In addition, locomotion score recorded during conformation evaluation in freestall barns since 2005 was available. All conformation traits were scored on a linear 1-to-9 scale. The optimum score for each trait is shown in Table 1 . Conformation scores were transformed to normalize the data by using the procedure of Snell (1964) . Only primiparous cows with conformation traits recorded within 365 d after calving were considered. In total, 11,419 primiparous cows had records on conformation traits, and of those, 6,966 cows had a locomotion score. The pedigree file was generated by tracing the pedigrees of cows 7 generations back, and contained the relationships of 119,484 animals.
Models
Data were analyzed with linear animal models using the average information-restricted maximum likelihood (AI-REML) procedure in the derivative-free approach to multivariate analysis (DMU) package (Madsen and Jensen, 2008) . Although threshold models are, at least in theory, more appropriate to analyze binary traits, linear models were applied. In a previous study on Canadian health data, Neuenschwander (2010) found that the use of threshold models did not improve the goodness of fit compared with linear models. Besides, genetic correlations are reported to be correct for binary traits using linear models (e.g., Negussie et al., 2008) .
Estimation of Genetic Parameters for Hoof Lesions. A first series of analyses was performed for the hoof lesions traits, including cows of all parities. The following models were carried out: (a) univariate model for occurrence of any lesion, (b) bivariate model between any front lesion and any rear lesion, (c) bivariate model between any infectious lesion and any horn lesion, and (d) 4-variate model between front infectious lesion, front horn lesion, rear infectious lesion, and rear horn lesion. The following linear animal model was applied to all lesion traits:
where Y ijklmno is the observation for one of the lesion traits, μ is the overall mean, P i is the fixed effect of conformation trait on hoof lesions, an analysis was carried using the following animal model:
where Y ijklmno is the observation for one of the lesion traits, μ is the overall mean, AGE i is the fixed effect of age at calving ( , a n is the random additive genetic animal effect (n = 1 to 119,484), and e ijklmno is the random error term. Random effects were assumed to be normally distributed with zero means, and is an identity matrix, and A is the additive genetic relationship matrix.
Genetic Association Between Hoof Lesions and Conformation Traits. A total of 13 bivariate models between infectious lesions, horn lesions, and feet and leg conformation traits (including locomotion) were performed. The following model was used for hoof lesions:
where Y ijklmn is the observation for one of the lesion traits, μ is the overall mean, AGE i is the fixed effect of age at calving ( σ a 2 and σ e 2 are the additive genetic and residual variances, respectively, I is an identity matrix, and A is the additive genetic relationship matrix.
The model for feet and leg conformation traits was
where Y ijklm is the observation for one of the conformation traits, μ is the overall mean, AGE i is the fixed effect of age at calving and σ e 2 are the additive genetic and residual variances, respectively, I is an identity matrix, and A is the additive genetic relationship matrix. 
RESULTS AND DISCUSSION
Descriptive Analysis of Hoof Lesion Traits
At least one lesion was found in nearly 40% of the hoof trimming records ( Table 2 ), suggesting that modern dairy herds in North America could benefit from genetic selection for hoof health. Prevalence of hoof lesions (at least one lesion in 1 of the 4 hooves) in modern dairy herds varies across studies, ranging mostly from 40 to 70% (Manske et al., 2002; Sogstad et al., 2005; Buch et al., 2011) . Lesions were more frequent in the rear hooves than in the front hooves, in agreement with the literature (Manske et al., 2002; Sogstad et al., 2005) . This is likely because rear hooves are more exposed to manure and urine, and because of differences in the anatomy and mechanical function of the front and rear limbs that results in more strain exerted in the rear hooves (Phillips, 2002) . Infectious lesions were the most common hoof disorder, in agreement with other studies that classified lesions similarly (Somers et al., 2003; Holzhauer et al., 2006) . In the rear hooves, horn lesions increased with parity, whereas infectious lesions decreased. The prevalence of lesions in a herd and its relationship with parity is influenced by culling practices as well as age-related factors. Repeated damage in the corium of the hoof horn might be irreversible, resulting in increasing prevalence of horn lesions with age (Offer et al., 2000; Koenig et al., 2005) . Moreover, horn lesions developing in early life are likely to be recurrent in subsequent lactations (Hirst et al., 2002) . On the contrary, the risk of infectious lesions decreases with parity (Rodriguez-Lainz et al., 1999; Somers et al., 2005; Holzhauer et al., 2006) , suggesting an increase in local immunity with age or culling of older affected cows. Figure 1 shows the percentage of records at each stage of lactation. The percentage of records with hoof lesions was consistent over the productive cycle ( Figure  2 ), as expected because lameness is a long-term condition likely to persist over the lactation.
Genetic Parameter Estimation for Hoof Lesions
The heritability estimates for hoof lesions ranged from 0.01 to 0.09 (Table 3) . These estimates are in line with those reported in the literature, which range from 0.01 to 0.17 for different individual hoof lesions based on linear models (Swalve et al., 2008; van der Linde et al., 2010; Buch et al., 2011) . van der Linde et al.
(2010) also estimated a heritability of 0.07 for having at least one hoof lesion. To our knowledge, this is the first study to estimate genetic parameters of hoof lesions separately for the front and rear hooves (most of the studies focus on the rear hooves or make no distinction) and to categorize lesions according to their etiology and pathogenesis into infectious and horn lesions. The heritability was higher for lesions in the rear hooves compared with the front hooves and higher for infectious compared with horn lesions. These differences could be partly explained by the higher prevalence of lesions in the rear than in the front hooves, and the higher prevalence of infectious than horn lesions, as heritability estimates are frequency-dependent when applying linear models to binary data (Gianola, 1982) . The bivariate models showed a positive genetic correlation (0.551 ± 0.136) between the occurrence of any lesion in the front hooves and any lesion in the rear hooves, but not between the occurrence of any infectious lesion and any horn lesions in any hoof (0.077 ± 0.110). Similarly, the 4-variate model (Table 4) showed positive genetic correlations between the occurrence of front and rear infectious lesions, and between front and rear horn lesions, but not between infectious and horn lesions. Other studies have reported positive genetic correlations between different lesions, particularly within horn lesions and within infectious lesions, when considering all hooves together (Buch et al., 2011) or just the rear hooves (van der Waaij et al., 2005; van der Linde et al., 2010) . Most of these studies reported low or nonsignificant genetic correlations between different infectious and horn lesions. These results confirm that infectious and horn lesions are different traits, and that within each hoof lesion category, susceptibility is shared between front and rear hooves. This is in accordance with the different etiology and pathogenesis of infectious and horn lesions (Greenough, 2007) .
Estimation of Breeding Values
Despite the low heritabilities for hoof lesion traits, we found large variability in sire EBV (Figure 3 ) for resistance to both infectious and horn lesions. The mean (SD) of EBV were −0.023 (0.087) and −0.009 (0.049) for infectious and horn lesions, respectively. The average proportion of healthy daughters was 47% for the 10 sires with the worst EBV and 85% for the 10 sires with the best EBV for resistance to infectious lesions. The corresponding values for resistance to horn lesions were 76 and 93% for the 10 sires with the worst and best EBV, respectively.
Phenotypic Effect of Conformation Traits on Hoof Lesions
Coefficient estimates of each conformation trait obtained from the hoof lesion genetic model [2] are plot- ted in Figures 4A to 4F . For most of the conformation traits, low scores were phenotypically associated with higher incidence of horn lesions than average, whereas we found no evident effect for infectious lesions. Specifically, low foot angle (score = 1 to 3) was associated with higher than average incidence of horn lesions ( Figure   4A ). Additionally, extremely shallow heel depth (score = 1) was associated with a much higher than average incidence of horn lesions ( Figure 4B ). Regarding rear leg side view, extremely curved legs (score = 9) were associated with a higher than average incidence of horn lesions ( Figure 4D ). Finally, extremely hocked-in legs Figure 4 . Effect of feet and leg conformation traits and locomotion on infectious (black line) and horn lesions (gray line) by score in primiparous cows. Coefficient estimates are standardized and expressed as deviations from the optimal score (score 7 was considered the optimal score for heel depth).
(score = 1 to 2) and cows with very low score for locomotion (score = 1 to 2) were associated with a higher incidence of horn lesions than average ( Figure 4E and Figures 4F, respectively) .
Genetic Parameter Estimation for Hoof Lesions and Conformation Traits
Heritabilities and genetic correlations for infectious and horn lesions in primiparous cows (Table 5) were in agreement with our previous analyses. The heritability estimates of the conformation traits ranged from 0.03 for locomotion to 0.22 for bone quality. Compared with the heritability estimates used in the routine genetic evaluation in Canada (Interbull, 2011) , estimates in this study were slightly lower for most traits. This could be due to the smaller data set used in the present study and differences in data editing procedures.
The genetic correlations between hoof lesions and conformation traits were low to moderate, yet most of the estimates were associated with high standard errors because of a relatively low number of cows with both hoof lesions and conformation records. Swalve et al. (2008) and Uggla et al. (2008) found that most of the genetic correlations between hoof lesions and conformation traits were low or not significant, whereas Onyiro et al. (2008) 
CONCLUSIONS
Infectious and horn hoof lesions are prevalent in Canada, and genetic selection for hoof health should be incorporated in breeding programs. Although hoof lesions are lowly heritable traits, sufficient genetic variation (as evidenced by large variability in sire EBV) exists for genetic improvement through direct selection in the long term. Infectious and hoof lesions were not genetically correlated, whereas front and rear hoof lesions within each lesion category were moderately correlated. Genetic correlations between hoof lesions and conformation traits and locomotion were low to moderate (albeit associated with high SE), which might explain why indirect selection for improving hoof health by using conformation traits has not been effective so far. Overall, hoof lesion data collected by hoof trimmers have the potential to be used for genetic evaluation of hoof health; therefore, standardization of hoof lesion data collection should be encouraged. Moreover, standardization of hoof lesion data collection is fundamental to monitor the incidence of hoof lesions and its association with management practices.
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